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Hindlimb unloading and reloading are characterized
by a major loss of muscle force and are associated
with classic leukocyte infiltration during recovery
from muscle atrophy. Macrophages act as a cellular
cornerstone by playing both pro- and anti-inflamma-
tory roles during muscle recovery from atrophy. In
the present study, we investigated the role of macro-
phages in muscle atrophy and regrowth using in vivo
and in vitro models. Mice depleted in monocytes/
macrophages and submitted to a hindlimb unloading
and reloading protocol experienced a significant de-
lay in muscle force recovery compared with matched
placebo mice at 7 and 14 days after reloading. Fur-
thermore, an in vitro myotube/macrophage coculture
showed that anti-inflammatory macrophages, which
contain apoptotic neutrophils and express low levels
of cyclooxygenase-2, completely prevented the loss
of protein content and the myotube atrophy observed
after 2 days in low serum medium. The presence of
macrophages also protected against the decrease in
myosin heavy chain content in myotubes exposed
to low serum medium for 1 day. Interestingly , the
addition of an anti-IGF-1 antibody to the coculture
significantly decreased the ability of macrophages
to protect against myotube atrophy and myosin
heavy chain loss after 2 days in low serum medium.
These results clearly indicate that macrophages
and, more precisely , the release of IGF-1 by macro-
phages , play an important role in recovery from
muscle atrophy. (Am J Pathol 2010, 176:2228–2235; DOI:

10.2353/ajpath.2010.090884)

Monocytes are large mononuclear cells that circulate in
the blood and differentiate into macrophages in invaded
tissues in response to various stimuli.1 Macrophages
have a strong phagocytic capacity and can orchestrate
the inflammatory process via the release of a wide variety
of cytokines and chemokines such as interleukin (IL)-1,
tumor necrosis factor-�, and macrophage inflammatory
protein-2.2,3 Numerous studies have also demonstrated
that macrophages play a direct role in tissue recovery
through the release of the anti-inflammatory molecules
and anabolic growth factors IL-10, basic fibroblast growth
factor, and insulin-like growth factor-1 (IGF-1).4–6

The regulation of the multiple and occasionally oppos-
ing functions of macrophages is very complex and poorly
understood.7–9 To add to this complexity, the diversity of
experimental models can also lead to different conclu-
sions regarding the roles of each macrophage pheno-
type in muscle recovery from atrophy or damage. For
example, in a model of eccentric contractions, in which
injured muscle is basically devoid of neutrophils, macro-
phage invasion contributes to secondary damage to the
skeletal muscle.10 On the other hand, the phagocytosis of
apoptotic neutrophils and necrotic cells by macrophages
induces a change in macrophage phenotype from pro- to
anti-inflammatory, which has a strong modulatory effect
on cytokine profiles and is essential for dampening envi-
ronmental inflammatory signals.11,12 Regarding the dif-
ferent subsets of macrophages, coculture experiments
have shown that pro-inflammatory macrophages (Ly-
6Chi) stimulate myogenic cell proliferation, whereas
anti-inflammatory macrophages (Ly-6Clo) exert a strong
differentiating influence on myogenic cells.12,13 Nonethe-
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less, in a model in which rodent hindlimbs are deprived of
mechanical loading for 10 days followed by reloading,
the high concentration of leukocytes in reloaded muscles
regardless of the absence of significant muscle damage
raises intriguing questions about the detrimental and
beneficial roles of leukocytes in muscle dysfunction and
recovery from atrophy.14–16 It is thus tempting to specu-
late that the roles of macrophages may vary as a function
of the type of insult.

In the present study, mice depleted in macrophages
were submitted to hindlimb unloading and reloading to
evaluate the roles of macrophages in muscle atrophy and
regrowth. Our results showed that macrophages neither
prevent the loss in muscle force nor promote recovery
during the early inflammatory phase (1 and 3 days after
reloading). However, they play a key role in muscle
growth and recovery at later times (7 and 14 days after
reloading). In addition, an in vitro coculture model in
which atrophied myotubes were combined with macro-
phages expressing an anti-inflammatory phenotype
showed that the presence of macrophages protects myo-
tubes from atrophy and that this protective effect is partly
mediated by the release of IGF-1.

Materials and Methods

Animals

Male C57BL/6 mice (22 to 24 g) from Charles River
(St-Constant, QC, Canada) were given water and food ad
libitum and housed with a 12-hour light/dark cycle. Ex-
perimental mice were subjected to hindlimb unloading for
10 days using a modification of the technique developed
by Morey-Holton and Globus.17 The hindlimbs were then
reloaded for 0, 3, 7, or 14 days. Ambulatory mice were
used as controls. Mice were euthanized by cervical dis-
location under anesthesia. All procedures were approved
by the Université Laval Research Center Animal Care and
Use Committee based on Canadian Council on Animal
Care guidelines.

Monocyte/Macrophage Depletion

To determine the specific roles of monocytes/macro-
phages in muscle recovery from atrophy, etoposide (VP-
16, Sigma, St. Louis, MO) diluted in dimethyl sulfoxide (15
mg/kg of mouse mass) was injected daily for 3 days
before reloading until the end of the experimental proto-
col. Etoposide acts as an inhibitor of topoisomerase II
and is used in the treatment of some malignancies such
as nonlymphocytic leukemia to inhibit white blood cell
proliferation.18 Placebo mice received daily injections of
dimethyl sulfoxide. The effects of etoposide on leukocyte
counts were confirmed by flow cytometry as described
previously.14 In brief, blood was collected by cardiac
puncture, incubated with blocking rat IgG (Sigma), and
labeled with 0.2 mg of rat anti-mouse Ly-6G R-phyco-
erythrin-conjugated antibody or 0.4 mg of rat anti-mouse
F4/80 R-phycoerythrin-conjugated antibody (primary an-
tibodies, BD Pharmingen, Franklin Lakes, NJ) to detect

neutrophils and macrophages, respectively. R-phyco-
erythrin-conjugated rat anti-mouse IgG was used as an
isotype control antibody at the same concentrations (BD
Pharmingen). Flow cytometry was performed using an
EPICS XL flow cytometer (Beckman-Coulter, Fullerton, CA).

Isometric Contractile Properties

Mice were injected i.p. with buprenorphine (0.1 mg/kg)
as an analgesic and anesthetized with pentobarbital so-
dium (50 mg/kg) 15 minutes later.19 Right soleus muscles
were carefully dissected, attached to an electrode, and
incubated in a buffered physiological salt solution
(Krebs-Ringer) supplemented with glucose (2 mg/ml) for
absolute and specific muscle force measurements as
described previously.14,20 Absolute muscle force repre-
sents the total force generated by the muscle, whereas
specific muscle force also accounts for muscle mass and
fiber length. Thereafter, muscle length was measured,
tendons were removed, and the muscles were weighed.
The muscles were then embedded in tissue freezing
medium (Triangle Biomedical Sciences, Durham, NC),
frozen in isopentane (2-methylbutane, Sigma) cooled in
liquid nitrogen, and stored at �80°C until used.

Immunohistochemistry and Cell Counting

Transversal sections (10 �m) of soleus muscles were cut
(CM1850 cryostat, Leica Microsystems, Nussloch, Ger-
many) at �20°C and adhered to Snowcoat X-tra slides
(Surgipath, Richmond, IL). After 1 hour in a blocking
buffer, the sections were incubated for 2 hours with rat
anti-mouse F4/80 antibody (Serotec, Oxford, UK) to iden-
tify macrophages or rat anti-mouse Ly-6G/Ly-6C anti-
body (RB6-8C5, BD Pharmingen) to identify neutrophils.
The sections were then incubated with rabbit anti-rat
biotinylated IgG (secondary antibody, Vector Laborato-
ries, Burlingame, CA) for 1 hour. Lastly, the sections were
incubated for 30 minutes with horseradish peroxidase
avidin D (Vector Laboratories) and revealed using diami-
nobenzidine chromogen (DakoCytomation, Carpinteria,
CA). Each section was examined by light microscopy at
a magnification of �400, and the number of labeled cells
in the entire section was determined and expressed
per mm2. The number of inflammatory cells was mea-
sured in duplicate on two mid-belly sections from both
the left and right soleus muscles. The averages of four
sections per mouse per antibody were used for the
statistical analyses.

Cell Culture and Myotube Atrophy

C2C12 mouse myoblasts and J774 macrophages (Amer-
ican Type Culture Collection, Manassas, VA) were used
for the in vitro experiments. C2C12 myoblasts were used
for their ability to form rapidly contractile myotubes,
whereas J774 macrophages exhibit predominantly anti-
body-dependent phagocytosis capacity and, more impor-
tantly, are known to inhibit the release of proinflammatory
mediators and stimulate the secretion of anti-inflamma-
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tory molecules after the phagocytosis of apoptotic
cells.21–23 Cells were grown in high-glucose Dulbecco’s
modified Eagle’s medium (HyClone, Waltham, MA) sup-
plemented with 10% fetal bovine serum (Sigma) and 1%
antibiotic-antimycotic (Gibco, North Andover, MA) in 5%
CO2 at 37°C. The medium was replaced every 3 days,
and the cells were used for a maximum of 10 passages.
C2C12 myoblasts were seeded in six-well plates at a
density of 25,000 cells/cm2 and incubated for 24 to 48
hours. When the myoblasts reached confluence, the
medium was replaced by Dulbecco’s modified Eagle’s
medium containing 2% horse serum (Sigma) and 1%
antibiotic-antimycotic, and the confluent cultures were
incubated for a further 5 days to allow differentiation
into myotubes. Thereafter, myotubes were grown in
Dulbecco’s modified Eagle’s medium containing 10%
of fetal bovine serum for 2 days. Myotubes were then
large and well differentiated with relatively slow grow-
ing potential. Finally, to induce myotube atrophy, large
myotubes were put in low-density serum medium (2%
horse serum) for 2 days.

Macrophage/Myotube Cocultures

A coculture system was developed to more precisely
identify the effects of macrophages on muscle recovery
from atrophy. Macrophages were first grown in the pres-
ence of apoptotic neutrophils, which triggers their con-
version from a pro- to an anti-inflammatory pheno-
type.11,21 To isolate neutrophils, blood was collected by
cardiac puncture and placed in 3% Dextran 500 (GE
Healthcare, Waukesha, WI) to sediment the red blood
cells. The blood was centrifuged, and the pellet was
suspended in 40 ml of 0.15 mol/L NaCl. Ficoll-Paque (10
ml) (GE Healthcare) was carefully layered at the bottom
of the tube, which was centrifuged for 40 minutes at
400 � g. The supernatant was discarded, and the re-
maining red blood cells were lysed in sterile water for no
more than 30 seconds. The remaining cells were sus-
pended in Dulbecco’s modified Eagle’s medium contain-
ing 10% fetal bovine serum. Flow cytometry revealed that
90% of the cells were neutrophils. The neutrophils were
exposed to UV irradiation (254 nm) for 15 minutes to
induce apoptosis. The apoptotic neutrophils were cocul-
tured with macrophages (2:1 ratio) for 3 hours. Neutro-
phils that had not been ingested by macrophages were
removed by rinsing with PBS, whereas macrophages
containing apoptotic neutrophils were added to myo-
tubes at the beginning of the low serum medium phase
(25 macrophages/mm2). The ratio of apoptotic neutro-
phils/macrophages (2:1) and the concentration of mac-
rophages in the coculture with myotubes were chosen
because they mimicked in vivo conditions and provided
reproducible results with atrophic myotubes. To analyze
the influence of apoptotic neutrophils on macrophages,
macrophages alone were used as a negative control and
macrophages incubated with lipopolysaccharide (200
ng/ml, Sigma) were used as a positive control. Finally, to
verify the role of IGF-1 in the macrophage-induced pro-
tective effect against myotube atrophy, an anti-mouse

IGF-1 antibody (5 �g/ml, R&D Systems, Minneapolis,
MN) was also added to the coculture system every 12
hours.

Myotube Diameter Analysis

Myotube diameters were measured by light microscopy
at �100 (Nikon, Tokyo, Japan). Three different sites in
each well were blindly identified and observed through-
out the experiment. Myotube diameters were quantified
using the ImageJ digital imaging system (National Insti-
tutes of Health, Bethesda, MD). For each myotube, a first
measurement of the width was obtained 50 �m away
from the edge of the myotube and at every 200 �m
subsequently. This method usually allowed the recording
of two or three measurements for each myotube, and the
average was considered as a single value. The diameters
of 150 to 200 myotubes per well were measured.

Protein Content and Western Blots

The myotubes were washed twice with PBS, incubated
for 30 minutes at 4°C in a lysis buffer containing P8340
protease inhibitor cocktail (1 �l/ml, Sigma), and centri-
fuged for 10 minutes at 10,000 � g. The protein content
of the homogenates was measured using BCA Protein
Assay Kits (EMD Chemical, Darmstadt, Germany). In
brief, 12,5 �l of homogenate was added to duplicate
wells of 96-well plates followed by 200 �l of BCA solution.
The absorbance was measured at 562 nm and compared
with a standard curve. To accurately compare the protein
content of the cultured myotubes incubated with or with-
out macrophages, the protein content of the macro-
phages alone was determined and subtracted from the
total to avoid overestimatation of the protein content of
the myotubes in the coculture system. For the Western
blot analyses, 10 �g of protein were electrophoretically
separated on a 9% SDS-polyacrylamide gel and trans-
ferred to a polyvinylidene difluoride membrane. The
membrane was blocked for 1 hour in 5% skim milk and
then incubated overnight at 4°C with anti-myosin heavy
chain antibody (1:1000, Santa Cruz Biotechnology, Santa
Cruz, CA) for myotube monocultures and cocultures or
anti-cyclooxygenase-2 (COX-2) antibody (1:1000, Santa
Cruz Biotechnology) for macrophage cultures. The mem-
branes were rinsed and incubated with goat anti-rabbit
(for myosin heavy chain, 1:10,000, Santa Cruz) or donkey
anti-goat (for COX-2, 1:10,000, Santa Cruz Biotechnol-
ogy) horseradish peroxidase-conjugated secondary an-
tibodies diluted in 5% skim milk. Bands were revealed
using the ECL-Plus chemiluminescent detection system
(PerkinElmer Life and Analytical Sciences, Wellesley,
MA). Images of the membranes were acquired, scanned,
and analyzed using Quantity One software (version 4.6.6,
BioRad Laboratories, Hercules, CA).

Statistical Analyses

All values are reported as means � SEM. The data were
analyzed by one-way analysis of variance to determine
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whether the variations among the experimental groups
were significant (JMP). When a significant F ratio was
obtained, a post hoc multiple comparison was performed
using Tukey’s protected least-significant differences test
to determine whether specific differences had occurred.
The level of significance was set at P � 0.05.

Results

In Vivo Model of Mice Hindlimb Unloading
and Reloading

Ten days of hindlimb unloading followed by 3 days of
reloading increased the concentrations of macrophages
and neutrophils in skeletal muscles by 10- and 4-fold,
respectively. Daily injection of etoposide for 5 days re-
duced blood monocyte counts by 80% and circulating
neutrophil counts by 20% (data not shown). Immunohis-
tological observations of soleus muscles revealed that
the number of macrophages in etoposide-injected mice
had decreased by 70% by day 3 after reloading (Figure
1A). However, the number of macrophages in the soleus
muscles was comparable with that in placebo mice on
day 7 after reloading. Although etoposide decreased the
number of circulating neutrophils slightly, the number of
infiltrated neutrophils did not change during the various
reloading periods, except at day 7 when a 2-fold increase
was observed in the reloaded etoposide group com-
pared with the reloaded placebo group (Figure 1B).

Consistent with previous observations, hindlimb un-
loading for 10 days caused a 50% reduction in absolute
muscle force, whereas specific muscle force was re-
duced by 25% relative to that in ambulatory mice. The
etoposide-induced reduction in muscle macrophage
content did not affect absolute muscle force on days 0, 3,
and 7 after reloading, but considerably disrupted recov-
ery on day 14. Indeed, the average absolute muscle
force generated by soleus muscles at day 14 of reloading
is 25% lower in the macrophage-depleted mice than in
placebo mice (average of 14 and 19 g, respectively)
(Figure 2A). A similar reduction was observed after 7
days of reloading, with the specific muscle force of re-
loaded macrophage-depleted mice being almost 30%
lower than that of reloaded placebo mice (average of
11.5 and 16 N/cm2, respectively) (Figure 2B).

In Vitro Model of Myotube Atrophy
and Regrowth

A coculture model was developed to further investigate
the role of macrophages in recovery from muscle atro-
phy. The macrophage phenotype was determined by
examining the levels of COX-2, a marker of inflamma-
tion.24–26 Western blot analyses clearly revealed a signif-
icant reduction in COX-2 in macrophages cocultured with
apoptotic neutrophils compared with macrophages alone
or macrophages incubated with lipopolysaccharide, in-
dicating that the macrophage phenotype changed in the

*

0

5

10

15

20

amb 0 3 7 14

Placebo
Etoposide

Days of reloading

N
e

u
tr

o
p

h
il 

d
e

n
si

ty
 (

ce
lls

/m
m

2
)

*

0

20

40

60

80

100

120

amb 0 3 7 14

Placebo
Etoposide

Days of reloading

M
ac

ro
ph

ag
e 

de
ns

ity
 (

ce
lls

/m
m

2)

A

B

Figure 1. Macrophage and neutrophil concentrations in control and re-
loaded soleus muscles. Concentrations of macrophages (A) and neutrophils
(B) in soleus muscles from mouse hindlimbs that were unloaded for 10 days
and then reloaded for 0, 3, 7, or 14 days. Ambulatory mice were used as
controls. The mice received daily injections of etoposide or dimethyl sulfox-
ide beginning 3 days before the reloading until the end of the experiment.
Values are expressed as means � SEM (n � 6) for every group at every time
point. Significantly different from reloaded placebo mice, *P � 0.05.
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Figure 2. Absolute and specific muscle force production in control and
reloaded soleus muscles. Absolute muscle force (A) and specific muscle force
(B) were measured in soleus muscles from mouse hindlimbs that were
unloaded for 10 days and then reloaded for 0, 3, 7, or 14 days. Ambulatory
mice were used as controls. The mice received daily injections of etoposide
or dimethyl sulfoxide beginning 3 days before the reloading until the end of
the experiment. Values are expressed as means � SEM (n � 6) for every
group at every time point. Significantly different from reloaded placebo mice,
*P � 0.05.
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presence of apoptotic neutrophils (Figure 3). The diam-
eters of monocultured myotubes decreased by approxi-
mately 15% after 1 day and by 20% after 2 days in low
serum medium, whereas the addition of macrophages
containing apoptotic neutrophils completely prevented
the atrophic process (Figure 4A). Myotube length was
unchanged between the different groups at every time
point (Figure 4B). The protein content of monocultured
myotubes decreased by 10% after 2 days in low serum
medium, whereas the presence of anti-inflammatory
macrophages prevented this decrease (Figure 5). Fur-
thermore, the myosin heavy chain content of macro-

phage/myotube cocultures had increased by 10% after 1
day in low serum medium but had decreased by 10% in
the myotube monocultures (Figure 6, A and B). This
difference disappeared after 2 days.

To assess the involvement of IGF-1 released by mac-
rophages on myotube growth, an anti-IGF-1 antibody
was added to the coculture system. Anti-IGF-1 inhibited
the protective effect of macrophages on myotube diam-
eter in the macrophage/myotube cocultures but had no
effect on monocultured myotubes. More importantly, the
anti-IGF-1 antibody reduced the myosin heavy chain
content of the coculture system by 15% after 2 days
but had no effect on the myosin heavy chain content of
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monocultured myotubes. Lastly, anti-IGF-1 did not af-
fect the protein content of monocultured myotubes or
macrophage/myotube cocultures at day 1, but in-
creased the protein content of myotubes monocultured
and cocultured at day 2.

Discussion

Macrophages play various roles in tissue injury, repair,
and growth.27–29 The large number of macrophages at
sites of injury during the resolution of the inflammatory
reaction and the beginning of the repair phase and their
ability to switch from a proinflammatory to an anti-inflam-
matory phenotype make them an excellent candidate for
the promotion of muscle repair and growth.30,31 In the
present article, we demonstrated that macrophages play
a critical role in muscle force recovery after muscle atro-
phy. We also showed, using a macrophage/myotube co-
culture system, that the IGF-1 released by macrophages
protects against myotube atrophy and the decrease in
myosin heavy chain content.

Hindlimb unloading/reloading very quickly induces
significant muscle atrophy associated with a classic in-
flammatory reaction.15,32 The effect of etoposide on cir-
culating leukocytes that we reported is in agreement with
the observations of Van’t Wout et al in 1989,18 who de-
scribed an 82% decrease in circulating monocytes and a
small but nonsignificant decrease in blood granulocytes
after 3 days of etoposide injections. Daily etoposide in-
jections induced a similar reduction in macrophages in
reloaded soleus muscles at day 3. However, although the
macrophage count in the blood remained low, the mac-
rophage count in the soleus muscles reached placebo
levels on day 7 after reloading. The increase in muscle
macrophage counts at later time points can be explained
by either the slow recruitment of remaining monocytes
into the circulation or the proliferation of newly recruited
or endogenous macrophages to the site of injury. This
latter possibility is supported by the fact that local prolif-
eration of resident macrophages has been observed in
denervated skeletal muscle.33 The neutrophil content
also rose, increasing 2-fold by day 7 after reloading in
soleus muscles from mice injected with etoposide relative
to matched placebo mice. Because macrophages can
act as major scavengers for cell debris, the increase in
neutrophils may be due to a decrease in macrophage
content, which would reduce the clearance of apoptotic
neutrophils.34 An alternative possibility is that neutrophils
are massively recruited to compensate for the lack of
muscle macrophages at earlier times in etoposide-in-
jected mice.35 Complex immunological adaptations thus
occur in skeletal muscle to circumvent the generalized
deficiency in circulating monocytes.

We also showed that etoposide induced a 25 to 30%
reduction in maximum tetanic tension in soleus muscles
on days 7 and 14 after reloading. The increase in the
neutrophil content of soleus muscles from etoposide-
injected mice is probably not responsible for the delay in
the improvement of muscle force production on days 7
and 14 of reloading because we reported previously that

the presence of neutrophils in reloaded soleus muscles
did not influence muscle recovery and function. Indeed,
we observed no difference in muscle force recovery
between mice depleted or not in neutrophils at any time
point of reloading.14 Thus, the results presented here
indicate that macrophages act as a key player in muscle
regrowth from atrophy. The delay between macrophage
depletion observed at day 3 and muscle force impair-
ment first detected at day 7 may be attributed to the
importance of macrophages in initiating muscle recovery.
Macrophages have been shown in vitro to stimulate sat-
ellite cell migration and myoblast proliferation and to
promote fusion into myotubes.36,37 Perturbation of these
initial steps of muscle healing will subsequently have an
important impact on fiber maturation and muscle repair
later during the recovery process. The importance of
macrophages in muscle repair and growth is also sup-
ported by a number of in vivo investigations. For example,
the injection of macrophage-conditioned medium directly
into injured muscles accelerates the recovery of fiber size
and total muscle mass.38 Furthermore, macrophage de-
pletion models after muscle freeze injury, muscle graft
surgery, or modified mechanical loading showed that in
the absence of macrophages, myofibers remain in the
necrotic state, the number of regenerating and centro-
nucleated myofibers is reduced, and muscle regrowth is
impaired.39–41 Our results and those of others indicate
that macrophages play a major role in muscle recovery
and that the presence of macrophages in sufficient num-
bers during the critical inflammation resolution and mus-
cle recovery initiation phase is essential for the fast and
complete recovery of atrophied muscles.

We cultured macrophages with apoptotic neutrophils
and then added them to cultured myotubes to more
accurately mimic the inflammatory environment to which
atrophied muscles are exposed during muscle regrowth.
Our results revealed a major decrease in COX-2 expres-
sion by macrophages, indicating that coculturing them
with apoptotic neutrophils favors their conversion to an
anti-inflammatory phenotype. Previous coculture experi-
ments have also confirmed that the phagocytosis of neu-
trophils by macrophages and the release of specific cy-
tokines by neutrophils can induce macrophages to
switch from a proinflammatory to an anti-inflammatory
phenotype.11,42 The present results clearly demonstrated
that the presence of macrophages expressing an anti-
inflammatory profile completely prevents the decrease in
myotube size, protein content, and myosin heavy chain
content. The positive effects of macrophages on muscle
growth may be caused by direct contact between mac-
rophages and myotubes and/or by the release of ana-
bolic growth factors by macrophages. Supporting the
first hypothesis, cell-cell interactions between macro-
phages and endothelial cells stimulate endothelial cell
proliferation and migration.43 Moreover, the release of
cytokines by macrophages is partly regulated in a con-
tact-dependent manner.44 Macrophages also release mi-
togenic growth factors for myogenic cells and establish
cell-cell interactions that protect myogenic cells from ap-
optosis.36,45,46 IL-4, IL-6, fibroblast growth factor, and
IGF-1 as well as several other cytokines and growth
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factors influence myogenic cell behavior. For example,
IL-6 stimulates satellite cell proliferation and muscle
growth,47,48 whereas IL-4 has a fusogenic effect on myo-
genic cells.49 Indeed, the neutralization of IL-4 and the
use of myotubes deficient in IL-4 reduce myoblast fusion
and consequently the size of myotubes.49,50 Fibroblast
growth factor and IGF-1 also have a strong ability to
stimulate myoblast proliferation and differentiation, re-
spectively.51 The positive effect of macrophages on mus-
cle regrowth is thus mediated by multiple and complex
mechanisms that remain to be investigated.

The present findings showed that anti-IGF-1 inhibits
the protective effect that macrophages have on myotube
size and myosin heavy chain content, indicating that that
IGF-1 is released by macrophages and acts directly on
myotube growth. Consistent with these results, a recent
study showed that there is a correlation between the level
of IGF-1 mRNA expression and the peak of macrophage
accumulation in mouse soleus muscles after unloading
and reloading.52 A relationship between IGF-1 and mac-
rophages has also been corroborated after muscle
freeze injury, in which macrophage depletion is associ-
ated with a major decrease in IGF-1 mRNA and impair-
ment in muscle repair.40 Additional support for a role for
IGF-1 comes from transgenic mice in which local expres-
sion of IGF-1 strongly accelerates the recovery of muscle
force after muscle cardiotoxin injury.53 The positive effect
of IGF-1 on muscle growth is mediated either by an
increase in protein synthesis and/or a decrease in protein
degradation. IGF-1 is a powerful activator of the Akt
pathway, which stimulates the anabolic downstream ef-
fector mammalian target of rapamycin (mTOR) and inhib-
its protein synthesis repressors such as glycogen syn-
thase kinase 3 (GSK-3�).54,55 The phosphorylation of Akt
by IGF-1 can also inhibit protein degradation by inacti-
vating the Forkhead box O (FOXO), which leads to the
inhibition of the apoptotic and degradative effectors atro-
gin-1 and muscle ring finger-1 (MuRF-1).54,56 Surpris-
ingly, unlike the decrease in myotube diameter and my-
osin heavy chain content, the neutralization of IGF-1 in
the coculture system resulted in an increase in protein
content after 2 days. These results suggested that the
effect of macrophages, acting via IGF-1, on myotubes is
possibly limited to specific proteins such as the contrac-
tile protein of the myosin heavy chain. A possible expla-
nation for this distinctive effect of IGF-1 on specific con-
tractile proteins is that it is a weak stimulator of myoblast
proliferation and a powerful stimulator of myoblast differ-
entiation.51 Anti-IGF-1 may thus decrease myotube for-
mation and increase myoblast proliferation, thereby re-
ducing myotube diameter and myosin heavy chain
content while increasing total protein content. These re-
sults indicate that IGF-1 is a major component of the
mechanism that enables macrophages to protect myo-
tubes from atrophy.

The present findings add to the increasing number of
studies demonstrating that macrophages have beneficial
effects on muscle recovery from various injuries and dis-
uses.27,51,57–59 We showed for the first time that macro-
phages play a critical role at the functional level in muscle
recovery from atrophy. We also demonstrated, using a

coculture system, that IGF-1 is partially responsible for
the ability of macrophages to protect myotubes from
atrophy. It will be interesting to determine the role of other
factors involved in this positive effect. Lastly, the present
results also suggest indirectly that anti-inflammatory drug
prescriptions should be used with circumspection be-
cause of the positive effects of various macrophage sub-
populations during muscle repair and growth.
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